The recent intensification of the livestock industry has raised concerns regarding the air pollution generated from the various animal housing operations. One pollutant of concern is particulate matter (PM), which is capable of lodging itself deep in the respiratory tract and causing serious detrimental respiratory effects to the workers and livestock. Little information is available in the literature that characterizes the emissions of PM from various types of livestock houses that also incorporate daily and seasonal variances typical of Canadian climates.
The recent intensification of livestock housing operations in Canada has led to the initiation of concentrated animal feeding operations (CAFOs). CAFOs provide automated maintenance of the facility, which allows livestock operators to output considerably more product from one building.
However, with this increase in production comes a decrease in indoor air quality. Of growing concern is the animal housing operations contribution to the local air quality in the form of particulate matter (PM). PM produced from livestock housing operations can contain viable particles (bioaerosols), such as pathogenic bacteria, viruses, and endotoxins, which are capable of lodging deep within the lungs and have the potential to cause serious detrimental respiratory effects (Pillai and Ricke 2002) . It has been established that bioaerosols can survive for a considerable length of time and distance, which raises concerns for the quantity of PM emissions from livestock facilities.
It is believed that poultry operations produce the highest concentrations of bioaerosols of all livestock housing operations (Pallai and Ricke 2002; CAC 2000) . The amount of PM emitted from poultry houses is dependent on several operational and maintenance conditions. In an attempt to characterize the emissions from several poultry operations, averaged yearly emission factors for some of the common size classifications have been developed based on limited experimental data from various geographic regions (Van Heyst 2005; Lacey et al. 2002; Takai et al. 1998; Wathes et al. 1998 ). However, variations in emissions exist from a range of seasonal operating conditions and animal activity levels which may bias the emission factors. Since the yearly emission factors were averaged from limited data, their use in accurately representing a livestock emission inventory outside of Canada is questionable. Also, the collected data from several geographic regions likely do not accurately represent the unique Canadian climate. Since little information is available for PM and no threshold levels have been established, experiments 1 are needed to assess the current emission levels in order to understand the future benefits of introducing best management practices and/or PM controls in the agricultural sector. 
Study Objectives
One aspect of livestock emissions that is not well characterized is the lack of PM size classifications data. In order to advance the current knowledge regarding livestock emissions, an intensive study at a broiler house was initiated to develop consistent emission factors by continuously monitoring PM emissions for three size classifications.
The objectives of this study were threefold:
1. Standardization of instrumentation and measurement techniques for the characterization of airborne particulate matter emissions from a livestock building.
This objective encompasses the measurements of both the airborne PM concentrations and the volumetric exhaust rates from the livestock building;
2. Quantification of emissions rates characterized by the changes in daily and seasonal activity in a livestock house; and 3. Development of PM emission factors from a livestock house which can be used to estimate an emission inventory for a portion of the Canadian agricultural sector. Emission factors will be developed for several common size classifications: specifically PM 10 , PM 2.5 , and PM 1 .
If rational and fair standards for environmental air quality are going to be introduced for the agricultural sector, there must first be improvements on data quantity and quality. The completion of these objectives should provide the first steps required to initiate the development of appropriate emission inventories for the poultry industry. Ventilation rates and three pipe heaters control the internal temperature of the house.
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MATERIALS AND METHODS
Temperature is maintained at 33.5 o C and reduced by an average of 0.25 o C/day until the temperature reaches 21.5 o C. Feed and water supply to the birds is also fully automated.
This commercial house can accommodate 31,000 to 37,000 birds during one production cycle.
The average stocking density of birds in the house is 11.5 birds/m 2 with an average residence time of approximately 45 days (6½ weeks). The broilers are free to roam throughout the entire house for the entire duration of the production cycle. During the 6½ weeks, the birds will mature from 50 g to an average weight of 2.5 kg. After each production cycle, a 2 week period is used to clean the house for biosecurity reasons and reapply a new litter floor. During this time, the louvers are fully opened to replenish the house with clean ambient air. The Alnor® balometer kit, consisting of an electronic balancing tool (EBT) and capture hood, was used to measure the exhaust rates from the exhaust ducts. The instrument's capture hood was connected directly to an exhaust duct, downstream of the fans. A customized skirt isolated the flow sensors from influences on flow rate measurements from the surrounding air currents.
Pressure differentials were measured across a 16 point velocity matrix to determine the average velocity over a given area. A complete range of flow rates from each fan type were fully 4 quantified during the bird production cycles. The broiler house's control room dictated which fans were used at any given time, and this information was used in conjunction with the balometer's measurements for each specific fan to estimate the overall ventilation rate for the house. The emissions were estimated with the equation:
Where E is the emission rate of PM (g/hr), Q vent is the total house ventilation rate from all the exhaust ducts (m 3 /hr), and C is the mean concentration of PM (g/m 3 ). The emission factors developed from this study were expressed in units of kg of PM per 1000 birds from a single production cycle.
RESULTS
Ventilation Rates
The rate at which air was exhausted from the house varied with the age of the birds and ambient temperatures. During the initial days of a production cycle, the four small variable speed fans were the only fans used to ventilate the house. Their speed was managed to preserve the 5 internal temperature, which was highest at the beginning of a production cycle and consequently ventilation rates were lowest to prevent cool incoming air from reducing the internal temperature.
As the birds aged, the internal temperature setting was gradually decreased and concurrently, the bird weight increased, resulting in the production of more body heat. Consequently, higher ventilation rates were needed to cool the internal temperature. The four variable speed fans were used until they reach their maximum ventilation rate. After this time, additional on/off fans were used to continue increasing the house ventilation rate. The computer control panel for the house dictated the number of fans used as well as the rate of the variable speed fans. Since the control panel records the percentage of the house's ventilation capacity, it was possible to estimate the house ventilation if the flow rate for each size of fan was fully quantified and the number of fans used was correlated to a particular ventilation percentage. With this data, an accurate real time house ventilation rate was predicted for use in emission estimates. Hence, the balometer was used to estimate the range of flow rates for the variable speed fans and a mean ventilation rate for the on/off fans. Two small variable speed fans were quantified; one fan was used continually through a production cycle while the other was used less frequently. The measurements for the entire range of flow rates from both of these small fans are shown in Fig. 2 . The medium and large sized fans were quantified in a similar manner. The use of the larger fans varied greatly since their operation was dependent on the temperature difference between the inside and outside the house. During the winter months, several medium and large sized fans
were not used at all. Moreover, even in the summer months, several fans were only used in the latter stages of a production cycle. For this reason, the flow rates from three medium sized fans and two large exhaust fans were measured to quantify any differences in flow rates due to fan wear. Figures 3 and 4 give the flow rate measurements as well as the calculated mean flow rate for the medium and large exhaust fans, respectively.
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It was evident from the flow measurements from several fans that there is some extent of wear on the fan: flow rates were reduced up to 17% for frequently used fans compared to infrequently used fans. For this reason, the correlation between the percentage of house ventilation capacity and the actual flow rate from the broiler house is not linear. Since there is greater wear on frequently used fans, their flow rate will be overestimated by the control panel. Figure 5 displays the correlation between the percentage of house ventilation capacity and the estimated flow rate.
The correlation was determined to be: Where V p is the percentage of house ventilation (%). This correlation was used for estimating Q vent with Eq. 1 for real time emission estimates. The correlation between the percentage of house ventilation capacity and estimated flow rate has a coefficient of determination (R 2 ) of 0.976. Once the correlation was established, the total flow rate for three bird production cycles was quantified. Figure 6 displays the complete real time ventilation rates for three bird production cycles. Since the ventilation rates are dependent on the difference in temperature inside and outside the house, the ventilation is highest in the summer and lowest in the winter.
Particle Concentrations
Diurnal patterns were apparent during all seasons. There was a prompt reduction in airborne particulates during the night followed by a rapid increase early in the morning. Due to the promptness of the changing PM concentrations, it was established that this pattern was not a result of environmental deviations but rather a result of the change in bird activity from the lighting schedule. The house control panel switched the lights off for one hour per day for the first five days and roughly the last 21 days of a production cycle while six hours per day was 7 delegated for the days in between. Since the diurnal pattern was relatively brief during the first five days and last 21 days, it was confirmed that the diurnal variations in PM concentrations were connected to the lighting schedule. Figure 7 displays two plots of daily concentrations that emphasize the changes in the diurnal patterns for one hour and six hours of dark. In all four production cycles, airborne PM concentrations increased as the birds aged. The initial concentrations observed during all seasons were consistent at roughly 0.25, 0.10, and 0.08 mg/m 3 for PM 10 , PM 2.5 , and PM 1 , respectively. The concentrations of all particle size ranges increased steadily for the first 21 days of the production cycle. After this time, the respective PM concentrations increased up to their peak concentration. This concentration was essentially sustained for the remainder of the production cycle. However, there was a significant discrepancy between the winter and summer concentrations especially towards the end of the production cycle. This was likely a result of the increased ventilation rates in the summer that exhausted more PM from the broiler house. PM 10 concentrations for winter and summer production cycles are displayed in Fig. 8 .
In order to verify the accuracy of the particle counter instruments, the PCI was used to confirm the precise particle size distribution. The results from the PCI were used in combination with the particle counter instrumentation to estimate the contribution of PM 2.5 and PM 1 from the PM 10 emission estimates during the summer production cycle. Three PCI tests were performed during two bird production cycles. The results from each of the tests were consistent with the 8 measurements obtained from the DustTrak aerosol monitor. Figure 9 displays the particle size distribution represented as a cumulative percent less than the particle size (d Fig. 9 . From the results, it was established that the amount of PM 2.5 relative to PM 10 was approximately 56.3% on a mass basis.
Similarly, the amount of PM 1 relative to PM 10 was approximately 36.7% on a mass basis. With this mass fractionation, it was possible to approximate all the common size classifications from a single size range.
PM Emission Rates and Emission Factors
The real time concentrations from each bird production cycle were suitable measurements for the concentration values (C) in Eq. 1. These real time measurements were combined with the estimates of total house ventilation (Q vent ) to determine the real time estimates of PM emissions for the various common particle size classifications.
The PM emission rates were estimated from three production cycles. The winter and spring emissions were estimated from measurements from the DustTrak aerosol monitor for all three size classifications. The only measured size classification for summer emissions was PM 10 and as such, the mass fractionations established from the PCI were used to estimate the remaining size classification.
Emission rates for all seasons follow similar patterns throughout the bird production cycle.
During all bird production cycles, PM emissions increased as the bird's aged. This was result of an increase in both the PM concentrations and ventilation rates as the bird's aged. Furthermore, emission rates were far greater in the day compared to the night because of increased bird 9 activity. Since the PM emissions are interrelated to the indoor PM concentrations, they both follow a comparable diurnal pattern. Figure From Fig. 10 , it was evident that PM 10 emission rates were generally the same for all seasons throughout the entire bird production cycle. In some instances, summer emissions were occasionally higher at the end of the production cycle due to the extreme ventilation rates used during this period. Since there was a large diurnal variation in emissions, the developed emission factors must reflect this trend. The diurnal emission factors were generated from a six hour lighting schedule but are reported on an hourly basis which will allow them to alter the total particulate mass emitted per production cycle for any lighting schedule at any broiler house. The seasonal and diurnal emission factors for all common particulate size classifications are reported in Tables 1 and 2 . The emission factors were developed from the number of birds and length of time for each specific production cycle as a total mass of particulates per production cycle per 1000 birds: an average of 33,828 birds were raised for 47 days in the winter, 35,537 birds were raised for 45 days in the spring, and 36,158 birds were raised for 44 days in the summer. The average emission factors were determined to be 0.137, 0.190, and 0.515 kg PM 1000 birds -1 production cycle -1 for PM 1 , PM 2.5 , and PM 10 , respectively.
These emission factors provide a means to estimate an emission inventory of PM for an entire year of broiler production at a single commercial facility. Based on the length of the studied production cycles, this broiler house should be able to output 6 batches of broilers per year. The average number of birds in a production cycle was 33,925 birds. From these averages, the emission inventory of PM for a single facility would be 27.9, 38.8, and 104.8 kg PM /year for PM 1 , PM 2.5 , and PM 10 , respectively. production cycle -1 for PM 1 , PM 2.5 , and PM 10 , respectively. Based on these emission factors and the average number of broilers produced per year, it was possible to generate a complete emission inventory of PM for a single commercial broiler house. The emission inventory was 27.9, 38.8, and 104.8 kg PM /year for PM 1 , PM 2.5 , and PM 10 , respectively. 
